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Abstract 12 
 13 
The Benin continental margin was formed during the breakup of Gondwana through 14 
oblique rifting along transform faults. The evolution of topography following breakup 15 
directly impacts the evolution of sedimentary basins, which has major implications for 16 
hydrocarbon exploration in the region. Quantitative constraints on erosion across Benin 17 
are limited to the Cenozoic, based on analysis of dissected lateritic paleolandscapes. To 18 
resolve the Mesozoic erosion history, we have obtained apatite fission track and single-19 
grain (U-Th-Sm)/He data from 18 samples collected across a 600-km-long transect 20 
through Benin. We invert these data, including available geological and geomorphic 21 
constraints, to obtain time-temperature paths, which are used to estimate magnitudes of 22 
denudation over the last 200 Myr. Our study suggests denudation was focussed over a c. 23 
300-km-long seaward sloping limb of the marginal upwarp and at the southern margin 24 
of the interior Iullemmeden Basin from 140-100 Ma with lower magnitudes of 25 
denudation characterising the continental interior and post-Cretaceous evolution of the 26 
margin. Models are consistent with modest burial (c. 1 km) of the Iullemmeden Basin 27 
between 120 and 85 Ma, and of the continental margin between 85 and 45 Ma. By the 28 
Eocene, the first-order relief of Benin had developed with regional erosion rates 29 
<20m/Myr since then. 30 
 31 
Supplementary information: Supplementary information includes radial plots for single 32 
grain AFT ages; information on stratigraphic and geomorphological constraints for thermal 33 
history models; plots of apatite (U-Th-Sm)/He ages against eU and crystal size; data 34 
predictions for maximum likelihood and posterior thermal history models; graphics of the log 35 
likelihood and number of time-temperature points for model runs; full details on the 36 
modelling input; details on geological and geomorphological constraints; and further data on 37 
denudation/burial magnitudes and rates. 38 
 39 
Transform margins are associated with significant strike-slip movement during continental 40 
breakup that results in structural and thermal histories distinct from purely divergent rifted 41 
margins (Edwards et al., 1997; Guiraud et al., 2010). Zones of normal rifting in the central 42 
and equatorial Atlantic are segmented by large fracture zones where movement along 43 
transform faults offset the West African Central and Equatorial mid-Atlantic ridge (Fig. 1a) 44 
that segment (Bonatti, 1996). 45 
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 46 
Diachronous normal divergence opened the Central Atlantic Ocean from south to north, 47 
beginning in the Early to Middle Jurassic (200 to 185 Ma) (e.g., Withjack et al., 1998; 48 
Labails et al., 2010) forming rifts inland and along the future continental margins, which 49 
branch into future Guinea-Liberia margin segment of the Equatorial Atlantic (Fig. 1a). The 50 
onset of rifting in the Central Atlantic at 200 Ma was synchronous with the emplacement of 51 
the Central Atlantic Magmatic Province (CAMP, Fig. 1a); however, the relationship between 52 
CAMP magmatism and continental breakup is still debated (Leleu et al., 2016). During the 53 
Early Cretaceous rifting propagated northward from the southern Atlantic due 54 
counterclockwise rotation of the African plate (Moulin et al., 2009). From the late Barremian 55 
to late Albian (c. 125–100 Ma), extension occurred along a series of rifts and major transform 56 
faults experienced dextral movement. Movement along these transform faults propagated 57 
westward to open the Equatorial Atlantic Transform margin (Fig. 1a) and triggered 58 
lithospheric breakup in the late Albian (Nemčok et al., 2013; Heine and Brune, 2014; see Ye 59 
et al., 2017 for a review).  60 
 61 
The potential hydrocarbon reservoirs of the West-African offshore basins have received much 62 
attention from geophysics and seismic studies to reveal the basin crustal architecture and 63 
stratigraphy (Brownfield & Charpentier, 2006; Nemčok et al., 2013; Ceraldi et al., 2017 and 64 
references therein), whereas the timing and magnitude of erosion and burial across the 65 
onshore domain over 10–100 Myr timescales remains poorly understood. The present-day 66 
Benin transform margin is characterised by a low-elevation marginal upwarp (Fig. 1b, Fig. 67 
2a); however, during rifting, topography may have been created where transform faults 68 
segmented divergent margins, with escarpments forming towards the transform valley and 69 
gentle slopes away from the fault (Basile & Allemand, 2002). Obtaining constraints on long-70 
term erosion and burial is an important step in understanding (i) the evolution of pre-, syn and 71 
post-rift topography, (ii) the response of regional drainage networks, and (iii) the partitioning 72 
of sedimentary fluxes between offshore or intracontinental basins.  73 
 74 
Dissected laterite-capped paleolandscapes preserved across West Africa have been used to 75 
determine that the rate of denudation has been extremely low since the Eocene (c. 2–20 76 
m/Myr and mostly < 10 m/Myr, Beauvais et al., 2008; Beauvais & Chardon, 2013; Grimaud 77 
et al., 2014, 2015, 2018). The earlier history of erosion and landscape evolution across the 78 
3 
 
West African margin remains unresolved. Low-temperature thermochronology is ideally 79 
suited to fill this knowledge gap by providing information on the timing and rate of cooling 80 
and heating of rocks as they pass through the upper crust. Using apatite fission track (AFT) 81 
and (U-Th-Sm)/He (AHe) thermochronology data, we investigate the thermal history of a 82 
600-km-long, approximately coast-perpendicular, transect across the Benin marginal upwarp 83 
between the interior Iullemmeden Basin and the coastal basin. By obtaining thermal history 84 
information using a Bayesian inverse modelling approach and incorporating known 85 
geomorphological constraints we achieve new insights into the denudation and burial history 86 
of the continental margin over the past 200 Myr and into the partitioning of sedimentary 87 
fluxes across the margin. 88 
 89 
Geological Setting of Benin 90 
 91 
Regional geology 92 
 93 
The geology of central Benin (Fig. 1a, Fig. 2b) consists of a Paleoproterozoic basement and 94 
Neoproterozoic sedimentary cover that were both involved in the late Neoproterozoic to 95 
earliest Paleozoic (i.e., Pan-African) Dahomeyides orogeny. Benin basement rocks are mostly 96 
amphibolite to granulite facies orthogneisses, some of which being migmatitic (Attoh et al., 97 
2013; Glodji et al., 2014).  98 
 99 
The Dahomey Belt (Fig. 2b) is made up of west-verging thrust-bounded structural units 100 
comprising metasedimentary rocks and gneisses (Ganade et al., 2016). The Dahomey Belt is 101 
thrust over the Volta Basin, which is exposed in the northwest of Benin and comprises of 102 
sedimentary sequences deposited in a foreland setting during the Neoproterozoic to Cambrian 103 
(Deynoux et al., 2006). The belt marks the collisional boundary between the West African 104 
Craton and the Nigerian shield (Kalsbeek et al., 2012; Glodji et al., 2014; Ganade et al., 105 
2016) (Fig. 1a, Fig. 2b). Pan-African, fold-and-thrust belts that developed around cratonic 106 
regions in northern South America and West Africa, such as the Dahomey Belt, were also 107 
associated with strike-slip movement during Phanerozoic times. The Dahomey Belt’s 108 
structural inheritance influenced the development of fracture zones in the Equatorial Atlantic 109 
such as the central African fracture zone and Kandi Shear Zone (Basile et al., 2005). 110 
 111 
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The Kandi Shear Zone (defined by the Kandi Fault, Fig. 2b) is a coast-perpendicular, N-S 112 
trending shear zone through central Benin. The Kandi Shear Zone developed during Pan-113 
African continental collision and is proposed to be part of a transcontinental shear zone that 114 
extends into NE Brazil as the Transbrasiliano Lineament (Cordani et al., 2013). Tectonic 115 
reactivation along both the Transbrasiliano and Kandi lineaments has been reported to have 116 
occurred during the Paleozoic and Mesozoic (Guiraud & Alidou, 1981; Brito Neves & Fuck, 117 
2014) and Cenozoic and recent tectonic activity proposed along the Transbrasiliano 118 
Lineament (Soares et al., 1998; Barros et al., 2015). Offshore, the Kandi Fault branches into 119 
the Romanche transform fault, which experienced phases of transpression through the Late 120 
Cretaceous and into the Neogene and is associated with the growth of transform-controlled 121 
anticlines (Basile et al., 2005, Nemčok et al., 2013; Ye et al., 2017). Movement on the Kandi 122 
Fault can be seen in the offset of Cretaceous sediments in the Kandi Basin (Fig. 1a, Fig. 2b) 123 
(Guiraud, 1981) and has been observed in brittle microfaults and synkinematic quartz 124 
recrystallisations (Konate et al., 2003).  125 
 126 
The Iullemmeden Basin contains Paleozoic to Cenozoic sequences and covers an area of 127 
7x105 km2 extending from northern Benin to southern Algeria (Fig. 1a). A small sub-basin of 128 
the Iullemmeden Basin, the Kandi Basin, is approximately 160 km long and 45–95 km wide 129 
and is observed in north-eastern Benin and southern Niger (Fig. 2b). The Kandi Basin is 130 
bounded on the west by the Kandi Fault and consists of Cambro-Ordovician conglomerates 131 
and sandstones and a thin deposit of early Silurian siltstones (Alidou et al., 1991; Konaté et 132 
al., 2003). Unconformably overlying the Paleozoic units are (1) continental Lower 133 
Cretaceous siltstones and sandstones, (2) marine Upper Cretaceous shales, (3) Paleocene to 134 
early Eocene marine carbonates, and (4) late Eocene-early Oligocene fluvial sediments of the 135 
‘Continental Terminal’ (Lang et al., 1990; Konaté et al., 2003; Chardon et al., 2016; Fig. 1a, 136 
Fig. 2b). 137 
 138 
The Benin Coastal Basin (Fig. 1a, Fig. 2b) is part of the Dahomey Embayment, which 139 
extends from Togo to western Nigeria (Brownfield & Charpentier, 2006). The Benin Coastal 140 
Basin reaches c. 100 km inland from the coast and overlies the basement rocks on the 141 
seaward sloping limb of the marginal upwarp with a sequence of post-rift Maastrichtian to 142 
Holocene sandstones, shales and minor carbonate rocks deposited in alternating regressions 143 
and transgressions (Kaki et al., 2013). The offshore domain of the Benin basin contains 144 
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Upper Cretaceous to Pleistocene post-rift sediments on top of Cenomanian to Santonian 145 
‘transitional’ sediments, which are separated from the underlying Lower Cretaceous syn-rift 146 
and Paleozoic pre-rift sediments by the breakup unconformity (Kaki et al., 2013).  147 
  148 
Topography and geomorphology 149 
 150 
The present-day Benin topography is characterised by predominantly low elevations (<500 151 
m) and low relief (Fig. 1b, Fig. 2a). Moving north from sea-level at the southern coastline, 152 
the margin displays an upwarped topography gently rising over the 400 km seaward sloping 153 
limb of the marginal upwarp to an E-W trending crest with an elevation of c. 400–450 m, 154 
which acts as a continental drainage divide. The seaward slope of the divide is occupied by 155 
the Ouémé River catchment. North of the divide there is a modest decrease in elevation to c. 156 
300 m towards the Niger River. The Dahomey Belt forms a topographic rise called the 157 
Atakora range in west Benin (Fig. 2a). The range arcs from N-S through eastern Togo to NE-158 
SW in Benin. The boundary of the range is marked by a c. 300 m high, west facing 159 
escarpment.  160 
 161 
Since the Late Cretaceous, several weathering phases have affected the West African 162 
landscape and produced lateritic duricrusts on the remnant topography (Beauvais & Chardon, 163 
2013; Grimaud et al., 2014, 2015). By dating these paleo-surfaces using Ar-Ar 164 
geochronology on their respective regoliths and measuring their dissection, denudational 165 
phases have been quantified since the Eocene and are characterised by very low overall rates 166 
of denudation (c. 2–20 m/Ma and mostly <10 m/Ma) (Beauvais & Chardon, 2013; Grimaud 167 
et al., 2015, 2018). Flooding during Late Cretaceous marine transgressions (e.g., Ye et al., 168 
2017) suggests the topography was low-lying.  169 
 170 
Methods 171 
 172 
Apatite fission track and (U-Th-Sm)/He analysis 173 
 174 
New AFT data (Table 1) were obtained from 18 samples along the Benin transect and 175 
multiple individual apatite grains from 12 of these samples were also dated using (U-Th-176 
Sm)/He analysis (Table 2). Fission-track ages were obtained using the zeta-calibration 177 
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external detector method (Hurford & Green, 1983). AFT ages were combined with length 178 
measurements of horizontal confined tracks (HCTs) to constrain thermal annealing of tracks 179 
through the AFT partial annealing zone (PAZ, 60–110±10 °C). The angle of HCTs to the 180 
crystallographic c-axis and Dpar (length of the etch pit formed by tracks intersecting the 181 
polished grain surface) were also measured to correct for anisotropic annealing (Ketcham, 182 
2005) and compositional influences on track annealing (Carlson et al., 1999; Donelick et al., 183 
2005), respectively. 184 
 185 
Apatite (U-Th-Sm)/He analysis was performed at the Scottish Universities Environmental 186 
Research Centre (SUERC) using laser heating and a quadropole mass spectrometer to extract 187 
and analyse He concentrations and isotopic dissolution ICP-MS was used to measure U, Th 188 
and Sm concentrations (e.g., Foeken et al., 2006). Durango standards were routinely analysed 189 
with a variation of 10%.  190 
 191 
The range of temperatures between total diffusive loss and total retention of He in apatite 192 
define a partial retention zone (Wolf et al., 1998). The upper and lower temperature limit of 193 
this zone is dependent on the size of the diffusion domain (i.e., grain size) (Reiners and 194 
Farley, 2001) and on the amount of cumulative radiation damage in the crystal (Shuster et al., 195 
2006; Flowers et al., 2009; Gautheron et al., 2009, 2013; Gerin et al., 2017). Each apatite 196 
crystal therefore has a unique closure temperature, which can lead to significant single-grain 197 
AHe age dispersion depending on the thermal history (Fitzgerald et al., 2006; Brown et al., 198 
2013).  199 
 200 
QTQt Thermal History Model set-up 201 
 202 
Thermal history models have been obtained for all samples analysed in this study using the 203 
Bayesian transdimensional MCMC approach of QTQt (Gallagher, 2012). Where available, 204 
AFT and single-grain AHe data for each sample were modelled together in a joint inversion. 205 
A multi-sample inversion was performed for three lower Paleozoic sandstone samples from 206 
an elevation profile (BN14, BN15 BN16) with the assumptions that the samples have resided 207 
at the same present-day temperature, have maintained their present-day vertical offset over 208 
time, and that the paleo-geothermal gradient was 25±10 °C. All other samples were modelled 209 
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individually to allow for any lateral variations in the thermal history due to regional or local 210 
tectonic processes to be observed. 211 
 212 
Our approach uses the multi-kinetic fission track annealing model of Ketcham et al. (2007), 213 
the radiation damage and annealing model for helium diffusion of Gautheron et al. (2009), 214 
and treats broken, 1-termination, crystals using a modified version of Beucher et al. (2013) 215 
described by Gallagher (2017). There remain several poorly understood factors that may 216 
affect the interpretation of the observed AHe age such as the influence of parent zonation, 217 
fluid inclusions, implantation from neighbouring grains, alpha-ejection, annealing of 218 
radiation damage defects, and their influence on diffusion at high concentrations. For this 219 
reason, we have allowed the observed apatite (U-Th-Sm)/He age to be resampled from a 220 
normal distribution centred on the measured age with 1σ equal to the estimated uncertainty 221 
on this age (Table 2). As a result of this treatment, the more robust AFT data will 222 
predominantly control the form of the thermal history with the He data having less influence. 223 
Full details of the thermal history model input are provided in the supporting material (SI-224 
Table 1) following the recommendations of Flowers et al. (2015) and Gallagher (2016).  225 
 226 
In the results section, we present the expected thermal history model for all samples, which is 227 
an average of all accepted models (see Gallagher, 2012, for details), alongside their data 228 
predictions (Figs. 3 to 6). For some samples, Cenozoic reheating events are observed in the 229 
expected model; however, they are often a consequence of averaging a subset of individual 230 
models that require reheating with other individual models that do not. To investigate the 231 
robustness of these heating events, we refer to the maximum posterior and/or the maximum 232 
likelihood models and assess whether the heating event is well constrained and consistent 233 
with nearby thermal histories and with the local geomorphology and geological constraints. 234 
The maximum posterior model shows the simplest model (fewest time-temperature (t-T) 235 
points) required to fit the data. The maximum likelihood model is the model that statistically 236 
best fits the data. The data predictions for posterior and maximum likelihood models and the 237 
summary graphics for the log-likelihood and number of t-T points for all models can be 238 
found in the Supplementary Information (SI-4, SI-5). 239 
 240 
Constraints on the thermal history, based on geological and geomorphological observations, 241 
are included in the form of a t-T box (e.g., black boxes in Fig. 3 to 6) through which the 242 
thermal history paths must pass. Details on all constraints used are summarised in the 243 
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Supplementary Information (SI-2, SI-Table 2). Sedimentary samples were constrained at 244 
surface temperatures (20±10 °C) at a time that reflects their stratigraphic age. Basement 245 
samples were given a broad initial t-T constraint of 900±100 Ma, 100±100 °C. The 246 
prevalence of basement lithologies across much of central Benin limits stratigraphic 247 
constraints being added to models. However, the location of some basement samples relative 248 
to the coastal basin and Iullemmeden Basin and careful consideration of geomorphic features 249 
provide important constraints for the models. For example, detailed investigation of lateritic 250 
paleo-landforms that formed and were subsequently dissected during the Cenozoic provide an 251 
independent estimate of the timing and magnitude of denudation after the mid-Eocene (c. 45 252 
Ma; e.g., Beauvais & Chardon, 2013; Grimaud et al., 2014, 2015, 2018) and can be used to 253 
constrain when samples were residing at surface temperatures. In many cases, the 254 
geomorphological constraints imply that no burial of the sample occurred during the early or 255 
late Cenozoic. Changing the time range of the prior input so that it extends only to the time 256 
that the rock reached the surface and remained there, rather than extending it to the present 257 
day, avoids artificially introducing structure in the thermal history over the time when the 258 
geomorphology requires thermal stability (or negligible thermal perturbation).  259 
 260 
Denudation and burial estimates 261 
 262 
A preferred thermal history path was chosen for all samples along the transect. This is 263 
typically the expected model, but the posterior model is selected when reheating events in the 264 
expected model are not well constrained or consistent with existing geological evidence (see 265 
Supplementary Information Table 1 for details). Using this t-T path and an estimate of the 266 
geothermal gradient, magnitudes of denudation or burial over different time intervals can be 267 
calculated (see SI-Table 3 for all denudation/burial data).  268 
 269 
Estimating the geothermal gradient over space and time along eroded basement terrains is 270 
inherently uncertain (Łuszczak et al., 2017). For simplicity, we use a value of 25 °C/km, 271 
which is consistent with global average geothermal gradients of 20–30 °C/km (Turcotte and 272 
Schubert, 2002) and with the estimated heat flow range in Benin (40–60 mW m-2) (Lesquer 273 
et al., 1990). We also assume the gradient is constant over the last 200 Ma in the absence of 274 
any evidence of volcanism and fluctuating geothermal gradients (Gunnell, 2003). Cooling 275 
rates were read directly from the preferred thermal history model. Estimates of the 276 
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denudation/burial over a specific time interval were calculated using ΔZ = ((t1 – t2)/(T1 – T2)) 277 
* G, where ΔZ = denudation (km), t1 and t2 are the expected temperatures (°C) at time T1 and 278 
time T2 (Ma), and G is the geothermal gradient (°C/km). These estimates of denudation/burial 279 
provide an approximation of the temporal and spatial patterns of erosion/deposition across the 280 
Benin margin. However, we acknowledge that uncertainties on these estimates can be 281 
anticipated from the uncertainty on paleo-temperature at a given time (defined by the 95% 282 
credible intervals), variations in upper crustal heat flow over space and time, and thermal 283 
properties of the eroded or deposited material (Łuszczak et al., 2017). 284 
 285 
Results 286 
 287 
Apatite fission track and (U-Th-Sm)/He results 288 
 289 
Apatite fission-track data are presented in Table 1, single grain age radial plots are provided 290 
in the Supplementary Information (SI-1), and track length distributions are displayed 291 
alongside the thermal history models (Fig. 3 to 6). Central AFT ages range from 106±5 to 292 
401±45 Ma and mean track lengths (c-axis corrected) range from 12.4±0.7 and 14.4±0.1 μm. 293 
Several samples fail the chi-squared age homogeneity test (i.e., P(χ2) < 0.05); however, for 294 
many of these samples the single grain age dispersion is still relatively low (< 20%) and 295 
therefore the single grain ages are not considered to be overly dispersed. For samples that fail 296 
the chi-square test and have large single-grain age dispersion, this could be attributed to 297 
fission tracks in grains from sedimentary rocks, which have a different provenance, that have 298 
not been entirely annealed post-deposition (e.g., BN8 and BN14). For basement rocks, the 299 
variation in single grain ages may be linked to intra-sample compositional variations. The 300 
trend in AFT age with distance from the coast is characterised by Early to mid-Cretaceous 301 
(syn- to post-rift) ages along the southern 300 km coastal region (106 ± 5–132 ± 7 Ma) and 302 
older Devonian to Middle Jurassic (pre-rift) ages in the interior (168 ± 7–401 ± 45 Ma) (Fig. 303 
2c). Further inland, an Early Cretaceous syn-rift AFT age is observed (BN6 = 130 ± 11 Ma). 304 
 305 
Single-grain AHe ages, uncorrected for alpha-ejection, range from 22±3 (BN17-5) to 390±74 306 
Ma (BN9-2) (see Table 2 for Ft corrected ages). The range of eU over the entire dataset is 307 
modest (2–40 ppm). Many single-grain AHe ages are younger or overlap within uncertainty 308 
with their equivalent AFT age. No individual factor (i.e., eU, grain size, fragmented crystal 309 
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length) can be identified as the main control over the single-grain age dispersion and explain 310 
the individual AHe ages that are older than their AFT age (see Supplementary Information for 311 
plots of AHe age against eU and spherical equivalent radius (SI-3)). Overall, the AHe data 312 
broadly agree with the AFT data insomuch as Cretaceous aged AFT ages and Paleozoic AFT 313 
ages are complemented by similarly aged AHe data.  314 
 315 
Thermal history models 316 
 317 
Coastal basin 318 
 319 
BN18 is a Maastrichtian sandstone from the coastal basin and therefore has experienced some 320 
burial after the sediments were delivered to the basin. Although the data from BN18 are 321 
limited we can say that (i) the AFT age is older than the stratigraphic age, (ii) the MTL is 322 
short (10.3±0.7 μm), and (iii) the four single-grain AHe ages can be split into two 323 
populations. As the AFT and AHe ages are older than the Maastrichtian age of deposition, the 324 
sample was not buried to an extent that would cause total track annealing or total He 325 
diffusion in apatite. Therefore, the two groups of the AHe ages could reflect a different 326 
provenance of the grains. As the data may have a strong provenance-related signal, the 327 
anomalously old AHe ages were modelled as a separate component from the AFT data and 328 
younger AHe ages and each component modelled simultaneously. This allows the ‘older’ 329 
apatite grains to have an independent pre-depositional history to the ‘younger’ grains but 330 
have a shared post-depositional history (Fig. 3). Two populations may also be present in the 331 
AFT data; however, given the low number of counted grains, multiple populations cannot be 332 
resolved. We have therefore assumed that the two grains from the younger AHe population 333 
are consistent with the whole sample AFT data (i.e., central age and MTL). 334 
 335 
The expected model (Fig. 3) implies that following deposition in the Maastrichtian, the 336 
sample was heated to temperatures of c. 50 °C, before cooling until it resided at surface 337 
temperatures after 30 Ma. By splitting each component of the data (i.e., AFT data, young 338 
AHe grains and old AHe grains) we can sample independent pre-depositional thermal 339 
histories for each component of the data. The older population of AHe ages suggest 340 
extremely slow cooling rates, which extends back through the Paleozoic. The AFT and young 341 
AHe ages record a more rapid pre-depositional cooling history beginning at 150–160 Ma.  342 
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 343 
Seaward sloping limb of the marginal upwarp 344 
  345 
BN1 was collected from basement rocks under the Maastrichtian shallow marine sediments 346 
of the coastal sedimentary basin and is therefore assigned a surface temperature constraint in 347 
the Late Cretaceous (72.5±2.5 Ma). The expected model shows that the onset of cooling was 348 
in the Middle Jurassic (c. 180–160 Ma). The model then shows steady monotonic cooling 349 
through the Cretaceous until it is forced to reach the surface during the Maastrichtian (Fig. 3). 350 
Given the credible intervals on the expected model below 60 °C, it is possible that the 351 
basement was exposed earlier in the mid- to Late Cretaceous. After the Maastrichtian, the 352 
expected thermal history predicts that the sample was heated to temperatures of c. 50 °C by 353 
30 Ma before cooling again to surface temperatures at 6 Ma. However, the geomorphic 354 
constraint that pins BN18 at the surface since 29 Ma is also likely to be applicable here and 355 
so any post-Maastrichtian reheating and cooling likely occurred between c. 70–30 Ma.  356 
 357 
BN2 exhibits the same style of Cretaceous cooling as observed for BN1 and resided at low, 358 
near-surface temperatures (c. 40 °C) during Maastrichtian sedimentation (Fig. 3); however, 359 
no direct evidence is available to suggest that this sample was buried by these sediments and 360 
the posterior model does not require burial related heating at this time. Only very minor 361 
cooling to surface temperatures is shown from 45 to 6 Ma to reflect the c. 250 m of 362 
denudation implied by the local geomorphology. 363 
 364 
BN3 and BN4 also show a thermal history dominated by Cretaceous cooling, which differs 365 
from BN1 and BN2 by having a more rapid cooling rate through the PAZ starting at c. 130–366 
140 Ma (Fig. 3). Initially the samples cool rapidly to temperatures <60 °C over a period of 30 367 
Myr before the rate of cooling slows through the mid to Late Cretaceous (c. 100–70 Ma).  368 
 369 
BN17 and BN5 predict a similar time for the onset of cooling as BN3 and BN4 (i.e., Early 370 
Cretaceous). BN17 shows fairly rapid cooling between c. 130 and 110 Ma, bringing the 371 
sample from c. 110 to 60 °C. From the mid-Cretaceous to early Eocene (45 Ma) it is unclear 372 
from the expected model whether the sample experiences slight reheating or is held at 373 
temperatures of 60±5 °C. However, the posterior model suggests that slow, monotonic 374 
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cooling could adequately reproduce the observed data. For BN5, the expected model shows 375 
that the initial cooling in the Early Cretaceous brings the sample to surface temperatures 376 
before it is heated to c. 45 °C at 20 Ma and then brought back to surface temperatures by 6 377 
Ma. The maximum likelihood model also shows this thermal history; however, the posterior 378 
model shows that the sample need only be rapidly cooled to temperatures below the top of the 379 
PAZ (i.e., 60 °C) during the Early Cretaceous and then may experience slow monotonic 380 
cooling to present-day. A scenario with no reheating from the Late Cretaceous to the present 381 
is more consistent with surrounding samples (i.e., BN3 and BN4). 382 
 383 
Interior 384 
 385 
Beyond BN5, at approximately the crest of the marginal upwarp, there is a transition to older 386 
AFT ages (Fig. 2c) where samples retain thermal information from before the Early 387 
Cretaceous. The expected models for BN11 and BN12 are still relatively unconstrained 388 
during pre-Permian time, but at c. 300 Ma both samples were at elevated temperatures 389 
between c. 80 and 120 °C (Fig. 4). BN12 shows relatively rapid cooling through the PAZ 390 
over 250–200 Ma, followed by limited and slow cooling to the present day, whereas BN11 391 
shows protracted cooling from c. 300 Ma to the present. Given the short distance between 392 
these samples (c. 30 km), the true rate of cooling from the Mesozoic to the present-day will 393 
likely be similar and lie somewhere between the two end-member scenarios shown by the 394 
individual models. We acknowledge the extremely poor data fit for two of the AHe ages for 395 
sample BN11 and find no common dispersion factor responsible for these anomalous ages. 396 
However, our treatment of the AHe data is such that even removing these anomalous grains 397 
does not change the expected model.  398 
 399 
The onset of cooling for BN10 occurred in the Cambrian, significantly earlier than for BN11 400 
and BN12. The expected model for BN10 shows that from c. 400 to 80 Ma, the sample was 401 
heated by around 10–15 °C; however, the model is poorly constrained through the Paleozoic 402 
and early Mesozoic. The maximum likelihood and maximum posterior models present two 403 
alternative scenarios. The maximum likelihood model shows the sample is cooled to the 404 
surface at 500 Ma, heated to 60 °C by 300 Ma, slowly cooled to 45 °C by 10 Ma before a 405 
final cooling episode to bring the sample to surface temperatures by the present day (Fig. 4). 406 
The maximum posterior model shows that after initially cooling to 50 °C by 350 Ma, the 407 
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sample held at a constant temperature until 10 Ma when it is cooled to surface temperatures 408 
(Fig. 4).  A consistent observation from these three models is that the sample passes through 409 
temperatures of c. 50 °C between 100 and 80 Ma; however, the exact thermal path the sample 410 
took to reach this temperature is poorly resolved by the thermochronology data because the 411 
cooling/heating occurs over very low temperatures not detected by the AFT and AHe 412 
systems. 413 
  414 
Iullemmeden Basin margin 415 
 416 
Samples BN6, BN7, BN8 and BN9 occur along the southern margin of the Iullemmeden 417 
Basin (Fig. 2b). BN6 and BN8 are Ordovician-Silurian sandstones and are, therefore inferred 418 
to have lain at the surface at this time. Given the planar, low sloping nature of the contact 419 
between the basin and underlying basement and the proximity of BN7 and BN9 to the 420 
sedimentary samples (<40 km), it is also deemed appropriate to constrain BN7 and BN9 as 421 
having been at the surface in Ordovician-Silurian time (490–420 Ma). The presence of Lower 422 
Cretaceous (c. 140–100 Ma) sediments on top of the basement <100 m from the sample 423 
location also implies that the BN6, BN7, BN8 and BN9 samples were at, or near, the surface 424 
in the Early Cretaceous. 425 
 426 
During the Paleozoic, samples BN7, BN8 and BN9 experienced heating; however, the timing 427 
and magnitude differs for each sample (Fig. 5). The expected model for BN9 shows heating 428 
of around 60 °C from 485 to 435 Ma. The 95% credible intervals at this time cover the entire 429 
range of temperatures from surface temperatures to the base of the PAZ (i.e., c. 10–120 °C), 430 
suggesting that this heating event is not well constrained. The maximum posterior and 431 
maximum likelihood models for BN9 show two contrasting end-member scenarios. The 432 
maximum posterior shows no heating after the Ordovician, while the maximum likelihood 433 
shows burial to c. 135 °C from c. 435–430 Ma. From c. 375 Ma until the Early Cretaceous. 434 
The expected model shows slow, low magnitude cooling through the 45–25 °C window. Over 435 
this time, the range of possible temperatures defined by the 95% intervals is between 20 and 436 
70 °C. This type of thermal history is also observed for sample BN7; however, the expected 437 
model for BN7 shows modest heating from c. 420–320 Ma before slow cooling to the surface 438 
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until the Early Cretaceous. Both the maximum likelihood and posterior model for BN7 show 439 
that the sample was heated to c. 65 °C by c. 320–300 Ma.  440 
 441 
The expected model for BN8 also captures heating of the basin from the Ordovician-Silurian 442 
to the end of the Carboniferous, suggesting that BN8 was heated to c. 100 °C by 300 Ma. The 443 
credible intervals for this model span the entire range of the PAZ, highlighting that the time 444 
and temperature of the burial event is poorly constrained. This can be ascribed to the low 445 
number of track lengths for this sample. Given the proximity of these three samples (60 km 446 
between BN9 and BN7), they should provide coherent information on the extent of Paleozoic 447 
burial. Considering the expected models and their credible intervals, we propose that the 448 
region spanning samples BN7, BN8 and BN9 was heated to maximum temperature of c. 65±5 449 
°C from c. 455±35 to 300±20 Ma (Late Ordovician to latest Carboniferous).  450 
 451 
The expected model (and posterior and maximum likelihood models) for BN6, which 452 
occurred further north in the Iullemmenden Basin, shows that over the Paleozoic the sample 453 
was heated to temperatures of c. 100–120 °C, meaning that the sample was completely 454 
annealed prior to cooling at c. 160 Ma. Therefore, it is not clear when the sample reached 455 
temperatures higher than the base of the PAZ, or what was the maximum temperature that the 456 
sample reached prior to cooling. This would suggest a deeper cover of sediments in the 457 
Iullemenden Basin over BN6, which thins towards the south and where it covers BN7, BN8 458 
and BN9. 459 
 460 
During the early Mesozoic, prior to the deposition of Lower Cretaceous (120±20 Ma) 461 
sediments, BN7, BN8 and BN9 experience modest (c. 20–40 °C) monotonic cooling. BN6 462 
shows more rapid cooling of c. 80 °C starting at c. 160–170 Ma. As the Cretaceous sediments 463 
are capped by bauxite (59–45 Ma) to ‘Intermediate’ ferricrete (e.g., Beauvais and Chardon, 464 
2013; 29–24 Ma) (Fig. 1b) they are considered to have outcropped since c. 60 Ma and 465 
models are constrained at surface temperatures from this point to present-day. In the 466 
intervening period (i.e., 120±20 to 60 Ma) the expected models for BN6, BN7, BN8 and BN9 467 
show reheating to maximum temperatures of c. 60 °C. However, the 95% credible intervals 468 
define a range spanning from surface temperatures to 60–70 °C implying that there are 469 
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acceptable models that require no reheating (i.e., burial) during the Cretaceous and others that 470 
do. While the extent and magnitude of burial related heating in the mid- to Late Cretaceous 471 
(c. 120–70 Ma) is not fully resolved, the available data suggests that if the samples were 472 
reheated during this time they reached a maximum temperature of at most 60–70 °C. 473 
 474 
Atakora Range 475 
 476 
BN14, BN15 and BN16 share the same late Proterozoic – early Cambrian stratigraphic age, 477 
form an elevation profile covering 300 m and are jointly inverted (Fig. 6). From surface 478 
temperatures at c. 550 Ma, the samples were heated to approximately 80–90 °C by 340–300 479 
Ma and then cooled steadily to surface temperatures by 45 Ma. The timing and magnitude of 480 
burial is similar to that seen during the Paleozoic in the interior samples (e.g., BN11) and 481 
along the Iullemmenden Basin (e.g., BN8). The expected model for BN13 records a phase of 482 
more rapid cooling beginning at c. 220 Ma, which is similar to rapid cooling in the Late 483 
Triassic observed for BN12 (Fig. 4). While the expected models for BN13 and BN12 show 484 
almost no cooling through the post-Triassic to Mesozoic period (i.e., 180–70 Ma), BN13 485 
shows a much more pronounced second phase of cooling from 70 Ma to the present day. The 486 
posterior model for BN13 does not require this two-stage history and suggests that a simple 487 
model of monotonic cooling, more consistent with that observed for the Atakora profile, is 488 
also possible. Although some aspects of the Jurassic to present-day thermal history for these 489 
samples, and BN12 and BN11, are unresolved it can be said that samples in this region 490 
remained at colder temperatures than c. 60 °C. They did not record the larger magnitude and 491 
faster rate of Early Cretaceous cooling observed in coastal samples or reheating linked to 492 
burial of the Iullemmeden Basin in the mid- to Late Cretaceous (see above). 493 
 494 
Denudation and burial estimates 495 
 496 
Denudation and burial estimates from thermal histories constrained by thermochronology and 497 
geomorphological data are shown on a coast-perpendicular profile across Benin (Fig. 7) and 498 
show cumulative thicknesses over different time intervals since 200 Ma. Time-slices were 499 
chosen to broadly complement the time intervals chosen for the Paleogeographical 500 
reconstruction of Ye et al. (2017). However, due to the temporal uncertainty and resolution of 501 
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the models we do not feel it is prudent to produce a denudation estimate for each and every 502 
time interval presented by Ye et al. (2017), particularly those lasting just a few Myr. For 503 
many samples along the seaward sloping limb , which have experienced significant cooling in 504 
the Early Cretaceous (i.e., samples that were exhumed from below the base of the PAZ at this 505 
time), pre-Early Cretaceous (>140 Ma) denudation-related cooling has not been recorded. In 506 
such cases, an estimated denudation magnitude for the 200–140 Ma time interval is made by 507 
interpolation using adjacent samples that have recorded cooling at this time. Estimates from 508 
sample BN1 and BN2 predict that a thickness of around 1.5 km was removed over the 200–509 
140 Ma interval.  510 
 511 
A striking pattern of total denudation across the margin is evident, with the largest total 512 
magnitudes (up to 5 km) being observed along the coastal basin and the seaward sloping limb 513 
and lower magnitudes (<1.5 km) observed further inland (Fig. 7). Between 0 and c. 350 km 514 
inland of the coast (Fig. 7), most of this denudation took place during the Cretaceous (145–65 515 
Ma), with rates as high as c. 86 m/Myr (BN3) observed during the Early-Cretaceous (140–516 
100 Ma) pre- and syn-rift phase. During the Early Cretaceous, average denudation rates of 44 517 
m/Myr are predicted along the seaward sloping limb, while inland at the crest of the marginal 518 
upwarp (i.e., BN10, BN11 and BN12) they are considerably less (0–11 m/Myr). Over the 519 
entire Mesozoic, average denudation rates for the marginal upwarp crest samples and the 520 
samples from the Atakora Range (i.e., BN13, BN14, BN15, BN16) are < 12 m/Myr and are 521 
consistent with low rates of denudation-driven cooling constrained by AFT data from the 522 
cratonic interior and lateritic landscape of Burkina Faso (Fig. 1, Gunnell, 2003). 523 
 524 
High denudation rates, similar to those observed along the coastal margin are observed at the 525 
margin of the Iullemmeden Basin in sample BN6 over 140-120 Ma (c. 74 m/Myr). The 526 
amount of reheating experienced by BN6 and the other samples along the margin of the 527 
Iullemmenden Basin (i.e., BN7, BN8 and BN9) during the mid-Late Cretaceous (120–70 Ma) 528 
is not well constrained (0 to 60 °C of heating). However, this region of northern Benin may 529 
have been flooded by the ‘Trans Saharan Seaway’ during the Late Cretaceous (Ye et al., 530 
2017) and shallow marine sediments may have buried samples BN6, BN7, BN8 and BN9. 531 
Using the expected thermal history model, a conservative estimate for the amount of burial is 532 
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determined to be c. 1–1.2 km. The temperature range defined by the 95% credible intervals 533 
means that the estimated amount of burial ranges from 0 to 2 km and that this would likely 534 
vary laterally across the sample population. 535 
 536 
Similarly, BN18, taken from the Late Cretaceous sediments in the coastal basin, and BN1, on 537 
the fringes of this basin, were almost certainly buried in the Late Cretaceous to earliest 538 
Cenozoic; however, the amplitude of the burial is not well constrained by the models. Based 539 
on the expected model for these samples, during the Cenozoic they were buried under 1–1.2 540 
km of sediment, which was then removed. Cenozoic denudation rates are variable across 541 
Benin but are ≤20 m/Myr, consistent with previous estimates from Benin and from Burkina 542 
Faso (Gunnell, 2003; Beauvais & Chardon, 2013; Grimaud et al., 2018). 543 
 544 
Discussion 545 
 546 
Our thermal histories provide insights into Mesozoic and Cenozoic denudation and burial that 547 
can be discussed within the framework of the Benin’s pre-, syn- and post-rift tectonic 548 
evolution. The Paleozoic history is more difficult to resolve because many samples (e.g., 549 
along the ‘seaward sloping limb’ (Fig. 3), BN11 and BN12 from the ‘interior’ (Fig. 4), BN6 550 
(Fig. 5) at the margin of the Iullemmeden Basin, and BN13 from the ‘Atakora Range’ (Fig. 551 
6)) were heated to such an extent that their Paleozoic thermal histories were erased.  552 
 553 
Paleozoic sediments are observed in the Volta and Iullemmeden basins, further north in Mali, 554 
southern Algeria and Niger, and along the Guinea continental margin (Fig. 1a). Although the 555 
amount of heating of samples BN7, BN8 and BN9 is not fully resolved, the models show that 556 
they were heated during the Paleozoic, albeit not to a sufficient depth to reset the apatite 557 
thermochronometers. A Paleozoic sedimentary cover could have feasibly covered the entire 558 
Benin marginal upwarp with a thickness that was greater across southern Benin and in 559 
northernmost Benin and Niger. Burial during the Paleozoic can be linked to the development 560 
and infilling of basins during and following the Pan-African orogeny (Deynoux et al., 2006). 561 
Later regional deformation across West Africa related to the Variscan Orogeny at c. 300 Ma 562 
and focused along the West African Craton boundary (Ennih & Liégeois, 2008) may also 563 
have led to greater burial of the basement during the late Paleozoic. 564 
 565 
18 
 
In the early Mesozoic, the early stages of rifting and continental breakup were initiated in the 566 
Central Atlantic (Labails et al., 2010), and were associated with the emplacement of 567 
magmatic rocks (lava flows, sill provinces and dikes) across the Guinea-Liberia margin 568 
(Jourdan et al., 2009). In southern Benin, the CAMP is limited to some NNE–SSW-trending 569 
dikes (Knight et al., 2004; Jourdan et al., 2009); however, because of possible erosion the 570 
volume and distribution of magma during this event may be underestimated (Leleu et al., 571 
2016). East of the estimated extent of the CAMP (Fig. 1a), are 213–141 Ma-aged granites on 572 
the Nigerian Shield (Rahaman et al., 1984) and 215–166 Ma-aged granites on the Hoggar 573 
Shield (Liégeois et al., 1991; Ye et al., 2017). The regional extent and duration over which 574 
igneous material was emplaced suggests that significant upwelling in the asthenosphere was 575 
present during the Middle Triassic to Early Cretaceous, synchronous with major rift tectonics, 576 
and could have driven uplift and concomitant denudation in Benin at this time. The only 577 
samples recording cooling as early as the Middle Triassic to Jurassic are found on the crest of 578 
today’s marginal upwarp (e.g., BN12, BN13; onset of cooling 230–200 Ma) and along the 579 
seaward sloping limb (e.g., BN1, BN2; onset of cooling: 180–170 Ma). Other samples may 580 
have experienced cooling at this time but were too hot (> 100 °C, e.g., BN3) or too cold (< 60 581 
°C, e.g., BN7) to constrain this cooling.  582 
 583 
In the early stages of rifting through to the main rift phase, vertical motions may be related to 584 
mantle processes such as convection during crustal thinning or thermal relaxation and may 585 
have been spatially complex and episodic (e.g., Todd & Keen 1989; Basile et al., 1993; Gadd 586 
& Scrutton, 1997). Also, tectonic uplift is possible as pure strike-slip movement along 587 
transform faults is rare and will likely involve either a component of isostatic uplift after 588 
tectonic unloading or a transition to a transpressional regime during its evolution. Both have 589 
been reported to have occurred along the Romanche transform fault (e.g., Mascle et al., 1987; 590 
Clift & Lorenzo, 1999; Antobreh et al., 2009; Nemčok et al., 2013). Vertical movements 591 
along the transform fault may have produced a steep, c. 1-km-high escarpment, creating 592 
short-wavelength relief over tens of kilometres, which experienced rapid erosion (e.g., Basile 593 
& Allemand, 2002; Peulvast et al., 2009; Ye et al., 2017).  594 
 595 
The early stages of rifting (140–120 Ma) and main rift phase (120–100 Ma) along the 596 
Equatorial Atlantic, which involved movement along ENE-trending transform faults and NW- 597 
to W-trending normal faults (relative to Africa’s present-day position) (Ye et al., 2017), 598 
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coincide with the timing of greatest denudation along the seaward slope of the present-day 599 
marginal upwarp. The spatial pattern of AFT data and estimates of denudation from the coast 600 
to the present-day upwarp crest (Fig. 2c, Fig. 7) are consistent with enhanced erosion seaward 601 
of an interior continental drainage divide during the pre to syn-rift phase (c. 140–100 Ma) 602 
(Gilchrist & Summerfield, 1990; Gallagher & Brown, 1999; van der Beek et al., 2002; Ye et 603 
al., 2017). Although the location of a Paleo-drainage divide is speculative, the location could 604 
be approximated as being where Early Cretaceous denudation rates rapidly decrease between 605 
BN5 and BN12/BN11, which is close to the location of the present-day crest of the marginal 606 
upwarp (Fig. 7). Chardon et al. (2016) argue that a continental divide coinciding with the 607 
crest of the present-day marginal upwarp was established in the mid-Eocene. Our data 608 
suggests that the geometry of the marginal upwarp may have been created earlier, during the 609 
pre- to syn-rift phase and preserved due to a flexural isostatic response to asymmetric erosion 610 
on either side of the crest (e.g., Braun, 2018). Flexural isostasy in response to erosional 611 
unloading of the margin and deposition in offshore basins can also be responsible for 612 
maintaining high magnitudes of denudation throughout the Cretaceous across the seaward 613 
sloping limb (van Balen et al., 1995; van der Beek et al., 1995; Braun et al., 2013).  614 
 615 
Ye et al. (2017) produced Paleogeographical reconstructions of the West-African margins and 616 
showed the persistence of long-wavelength marginal upwarps that were formed at the time of 617 
rifting and were sustained or possibly reactivated during the post-rift phase. The largest 618 
upwarp wavelengths, between 1000 to 1400 km, are observed along the Guinea-Liberia and 619 
Ivory Coast Equatorial margin segments, whereas shorter wavelengths are observed north 620 
along the Senegalese and Congo segments related to the Central and South Atlantic margins, 621 
respectively. The long wavelengths observed across the Leo-Man shield (Fig. 1a) may extend 622 
across the Benin transect; however, variations in the upwarp wavelength and geometry may 623 
occur due to greater amounts of thermal relaxation and lithospheric strengthening along the 624 
older Ghana-Benin margin segment of the Equatorial Atlantic margin, the transform-625 
controlled style of rifting along this margin and interaction with the Congo upwarp segment 626 
along the South Atlantic margin (Ye et al., 2017). The flexural response advocated here is 627 
more consistent with the effects of the rift-related long-wavelength upwarp across the Leo-628 
Man shield extending across the Benin sector of the margin. Neogene uplift of the Congo 629 
South Atlantic upwarp does not appear to have had an influence on the erosion history across 630 
Benin. The presence of Early Cretaceous (150–135 Ma) kimberlites across the Leo-Man 631 
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shield link asthenospheric processes to thermo-chemical dynamics in the lithospheric mantle. 632 
Buoyancy in the lithospheric mantle may have provided secondary support to the upwarp 633 
(e.g., Ault et al., 2015; Ye et al., 2017); however, limited intrusive material preserved in 634 
Benin at this time casts doubt on the regional extent of active mantle processes at this time.  635 
 636 
The interaction of short wavelength deformation processes acting over different timescales 637 
such as narrow rift flanks (c. 10–100 km) produced by flexure during lithospheric stretching 638 
forming escarpments (e.g., Rouby et al., 2013), in addition to the influence of climate and 639 
lithology on surface processes, will have resulted in more complex spatial and temporal 640 
patterns of erosion than described here (e.g., Abrahami et al., 2016). Due to the coverage and 641 
resolution of our data we can only resolved the longer wavelength processes dominating the 642 
long-term signal of erosion and deposition (e.g., Ye et al., 2017). 643 
 644 
The material eroded during the Early to mid-Cretaceous (c. 140–100 Ma) would have fed 645 
clastic sediments into the offshore Benin Basin (e.g., Kaki et al., 2013) and filled the syn-rift 646 
NW to N trending grabens formed during transcurrent and extensional faulting (Davison, 647 
2005; Kaki et al., 2013; MacGregor et al., 2003; Brownfield & Charpentier, 2006; Ye et al., 648 
2017). A regional unconformity at the spanning the Aptian-Albian boundary to Cenomanian 649 
(c. 113–93 Ma) sequences is ubiquitous across the offshore Equatorial Atlantic margins and 650 
marks the time of breakup (Mascle et al., 1987; Nemčok et al., 2013; Moulin et al., 2010) 651 
and separates deformed and faulted basement and Lower Cretaceous syn-rift sediments from 652 
younger ‘transitional’ and drift sequences (Kaki et al., 2013). The main deformation phase of 653 
rifting in the Early Cretaceous, ended abruptly at the time of breakup and lead to the 654 
formation of the breakup unconformity (Mascle et al., 1987).  655 
 656 
Based on our thermal history paths, denudation rates along the seaward sloping limb of the 657 
margin are inferred to have been around 26 m/Myr during the 100–85 Ma interval, which is a 658 
decrease from the Early Cretaceous (140–100 Ma, 44 m/Myr). Apatite fission-track data from 659 
two boreholes through the marginal ridge in the offshore Ivory Coast-Ghana segment suggest 660 
rapid erosion-driven cooling at the beginning of the main rift phase (c. 120–115 Ma, Clift et 661 
al., 1998). Tracks in samples from the offshore seaward-sloping shoulder of the marginal 662 
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ridge are entirely annealed due to burial under Aptian-Albian sediments (125–100 Ma) 663 
(Bigot-Cormier et al., 2005). Rapid retrogressive erosion of a prominent oceanic basement 664 
ridge along the southern margin of the Deep Ivorian Basin between 85 and 65 Ma, driven by 665 
flexural uplift of the shoulder, was advocated by Bigot-Cormier et al. (2005) to explain a later 666 
cooling recorded by their fission-track data. Our estimates of the timing and rates of 667 
denudation, combined with insights from offshore AFT data, suggest that the most significant 668 
denudation onshore coincided with the major rift-related deformation phase. This was 669 
followed by slower rates of denudation after breakup when the margin underwent post-rift 670 
subsidence.  671 
 672 
Beyond Benin’s interior region of low denudation, the thermal history of BN6, at the margin 673 
of the Iullemmeden Basin, suggests that around 2 km of denudation occurred during the Early 674 
Cretaceous (predominantly during the Valanginian to Barremian, 140–120 Ma). This 675 
denudation may be linked to the erosion of elevated shoulders along the Gao rift (Fig. 1a), 676 
which was active at this time (Guiraud and Maurin, 1992; Heine et al., 2013; Ye et al., 2017). 677 
Samples at the margin of the Iullemmeden Basin were then potentially buried by non-marine 678 
sediments of the Saharan Basin (Ye et al., 2017) during middle Aptian to Albian (120–100 679 
Ma) subsidence triggered by changes in the intra-plate stress-field and tensional forces linked 680 
to Atlantic rifting (Moody and Sutcliffe, 1991; Guiraud et al., 2005). Minor offsets on the 681 
Kandi Fault may also have occurred at this time, creating a small fault-bounded basin 682 
(Konate et al., 2003). Transgressions coming from the north during the late Cenomanian to 683 
early Santonian (100–85 Ma) led to further burial beneath marine sediments (Guiraud et al., 684 
2005; Frizon de Lamotte et al., 2015; Ye et al., 2017).  685 
 686 
From the end of the Cretaceous, erosion rates across the margin and interior are low and it is 687 
likely that by this time the present-day low-relief and low elevation first order topography 688 
had been formed. During the Late Cretaceous and Cenozoic, transgressions and regressions 689 
(Davison, 2005; Bumby & Guiraud, 2005) resulted in episodes of deposition and erosion of 690 
coastal basin sediments. Samples BN18 and BN1 record modest heating and cooling over this 691 
time and suggest that the total thickness of sediments in the coastal basin that covered the 692 
now exposed basement was c. 1 km. It also suggests that the northern extent of the basin 693 
margin being, at most, situated 100–150 km inland from the present-day coastline.  694 
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 695 
Greenhouse climate conditions during the late Paleocene to early Eocene and a cooler but still 696 
tropical climate in the late Oligocene and Miocene, coupled with relative stability of the 697 
margin, caused the development of sequential laterite weathering surfaces on the relict 698 
Cretaceous topography (Beauvais & Chardon, 2013; Chardon et al., 2016). Erosion in the 699 
intervals between these weathering phases was relatively minor (c. 2–10 m/Myr), with 700 
localised river incision dissecting the surfaces (Beauvais & Chardon, 2013; Grimaud et al., 701 
2014, 2015, 2018). Offshore, several post-Cretaceous unconformities are the result of 702 
alternating regressions and transgressions (Kaki et al., 2013). A major offshore erosional 703 
unconformity between the late Eocene-early Oligocene and the Miocene, indicates a 704 
depositional hiatus coeval with the proposed timing of post-Oligocene uplift linked to 705 
intraplate hot spots (e.g., Burke & Gunnell, 2008). The presence and regional extent of 706 
mantle plumes capable of driving uplift in West Africa have been debated (Zhao, 2007; Forte 707 
et al., 2010).  708 
 709 
Alternative models for the development of the West African basin and swell topography have 710 
been based on the propagation of intraplate stress during the Eocene Africa-Europe collision, 711 
potentially coupled with edge-driven convection (Liegois et al., 2005, Rougier et al., 2013). 712 
The onshore denudation record inferred from thermochronology and geomorphology and 713 
offshore sedimentation record suggests that, regardless of the mechanism, any surface uplift 714 
during the late Eocene-Oligocene did not trigger erosion on the scale of several kilometres. A 715 
slight increase in the cooling rates for some inland samples could be linked to an increase in 716 
post-Eocene erosion. An offshore erosional surface at the top of early Oligocene sediments, 717 
which extends into the Neogene, suggests that erosion related to marine regressions occurred 718 
continuously or in phases through the late Cenozoic (Fig. 1b). Inland, rates of erosion > 20 719 
m/Myr are primarily found on the actively uplifting Hoggar swell (Chardon et al., 2016; 720 
Grimaud et al., 2018). 721 
 722 
Conclusions 723 
 724 
We have presented new apatite thermochronology data from samples across the entire Benin 725 
marginal upwarp and combined the insights they have provided on rock cooling with 726 
geomorphological constraints on Cenozoic erosion to estimate the timing and magnitude of 727 
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denudation over the last 200 Myr. The main episode of denudation occurred during rifting 728 
and continental breakup in the Early Cretaceous. From 140–100 Ma, a thickness of up to 4 729 
km was removed from the seaward sloping limb of the marginal upwarp as a result of the 730 
rapid erosion of the marginal upwarp. At approximately the same position of the present-day 731 
upwarp crest, Early Cretaceous denudation is an order of magnitude lower than at the coastal 732 
margin, suggesting that the drainage divide could be long-lived and could have influenced the 733 
style of landscape evolution along the continental margin. The thermal histories obtained 734 
from the models allow modest burial of basement rocks under a coastal basin during the Late 735 
Cretaceous to early Cenozoic (85–45 Ma) and under the inland Iullemmeden Basin during 736 
the mid-Cretaceous (120–85 Ma), but they limit the thickness of sediment to c. 1–1.5 km, 737 
which was subsequently removed. We suggest that by the Eocene the present-day first-order 738 
topography of the Benin sector of the West-African transform margin had developed. 739 
Relative tectonic stability and changing climatic conditions led to the formation of lateritic 740 
surfaces on the remnant topography.These were sequentially dissected to form the present-741 
day relief. Surface uplift of the margin and continental interior (e.g., Hoggar swell) related to 742 
underlying mantle plumes or lithospheric buckling may have occurred, but we suggest 743 
regional erosion rates since the Eocene were ≤ 20 m/Myr, consistent with previous estimates. 744 
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 756 
Fig. 1: (a) Regional geological and tectonic map of West Africa (after Ye et al., 2017). (b) 757 
Geological cross-section across the Benin margin showing topo-bathymetry, post-Proterozoic 758 
geology, and sample locations. The offshore part to the section is based on unpublished 759 
seismic data (Huyghe, 2016, Internal Report). Interpolation of the two regional lateritic land 760 
24 
 
surfaces is shown. In red is the “African surface”, which underwent bauxitic weathering until 761 
c. 45 Ma, and in blue is the “Intermediate Surface”, which underwent weathering until c. 24 762 
Ma (Chardon et al., 2016). 763 
 764 
Fig. 2: (a) Topographic and (b) geological map of Benin and neighbouring areas, sample 765 
locations and data (adapted from Choubert & Faure-Muret, 1988 and Thieblemont et al., 766 
2016). KF: Kandi Fault. B: Benin, BF: Burkina Faso, G: Ghana, Na: Nigeria, Ni: Niger, T: 767 
Togo. CB: Coastal Basin, Iullemmeden Basin, KB: Kandi Basin. (c) Transect X-Y showing 768 
the projection of samples onto topographic profiles and AFT age, MTL and AHe age range 769 
across the section. 770 
 771 
Fig. 3: Results of thermal history modelling for from the seaward sloping limb of the 772 
marginal upwarp. Left-hand plots: Thermal history models region. Blue line is the expected 773 
model; magenta lines are 95% credible intervals on the expected model. For BN18, the blue 774 
curve (with cyan 95% credible intervals) and red curve (with magenta 95% credible intervals) 775 
are the expected models for the younger and older populations of AHe ages. Red box 776 
represents the prior information on temperature and time. Black boxes are additional 777 
geological constraints. Yellow line is the maximum posterior model and grey line is the 778 
maximum likelihood model. Central plots: Histograms are the observed track-length 779 
distributions; red and grey curve indicates the predicted track-length distributions and 95% 780 
credible intervals. Right-hand figures: Observed vs. predicted age data; circles represent AFT 781 
ages, squares are single-grain AHe ages. Horizontal black lines are the 1σ uncertainty on the 782 
observations; vertical black lines are the range of predicted values for all models. Coloured 783 
bars are the range of resampled observed ages. Grey line is the one-to-one correlation line. 784 
 785 
Fig. 4: Thermal history models for samples interior samples. See Fig. 3 for symbology 786 
details. 787 
 788 
Fig. 5: Thermal history models for samples from the margin of Iullemmeden Basin. See Fig. 789 
3 for symbology details. 790 
 791 
Fig. 6: Thermal history models for samples from the margin of the Volta Basin. See Fig. 3 for 792 
symbology details. 793 
 794 
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Fig. 7: Estimates of cumulative denudation along X-Y transect (c.f. Fig. 2c) over specified 795 
time intervals assuming a geothermal gradient of 25 °C/km. Lower image shows the 796 
topography along the section and sample location projected onto the line of section. 797 
 798 
Table 1: Apatite fission track data.  799 
 800 
Table 2: Apatite (U-Th-Sm)/He data.  801 
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)  (Ma)  (μm)  St. Dev.
BN01 2.09 7.40 160 Granitoid Proterozoic 7.8 15.3 16.2 125 ± 11 26 13.8 ± 0.1 0.93 49 0.00 34% 1.78 ± 0.13
BN02 2.19 7.62 144 Gneiss Proterozoic 10.2 18.3 15.9 132 ± 7 22 14.0 ± 0.1 0.99 100 0.00 19% 1.78 ± 0.12
BN03 2.50 8.05 197 Granitoid Proterozoic 6.1 14.1 15.8 107 ± 7 22 14.4 ± 0.1 0.83 106 0.00 25% 1.75 ± 0.13
BN04 2.61 8.75 302 Granitoid Proterozoic 5.8 13.3 15.7 106 ± 5 20 14.1 ± 0.1 1.01 104 0.16 9% 1.66 ± 0.11
BN05 2.55 9.19 374 Granitoid Proterozoic 7.8 16.9 15.9 113 ± 5 20 14.1 ± 0.1 0.89 105 0.01 14% 1.72 ± 0.09
BN06 3.19 11.68 238 Sandstone Ordovician-Silurian 10.2 19.1 15.3 130 ± 11 15 13.8 ± 0.3 0.91 19 0.10 21% 1.87 ± 0.14
BN07 2.90 11.14 298 Gneiss Neoproterozoic 18.6 11.2 15.2 386 ± 16 22 13.9 ± 0.3 0.94 134 0.30 7% 2.04 ± 0.12
BN08 2.81 10.80 347 Sandstone Cambrian-Silurian 3.9 4.3 15.0 219 ± 38 15 13.4 ± 0.3 1.07 22 0.00 61% 2.00 ± 0.27
BN09 2.73 10.56 351 Gneiss Proterozoic 28.0 18.9 14.8 338 ± 13 20 13.3 ± 0.1 1.01 151 0.00 13% 1.86 ± 0.12
BN10 2.72 10.37 345 Gneiss Proterozoic 55.6 32.7 14.7 380 ± 14 20 13.5 ± 0.1 0.95 249 0.00 14% 2.02 ± 0.13
BN11 2.60 9.77 346 Granitoid Proterozoic 6.7 8.2 14.4 182 ± 10 20 13.9 ± 0.2 1.10 102 0.00 15% 1.73 ± 0.08
BN12 2.30 9.77 338 Migmatite Proterozoic 26.4 28.6 14.3 203 ± 8 20 14.2 ± 0.1 0.96 151 0.00 15% 1.90 ± 0.11
BN13 1.51 10.01 397 Granitiod Proterozoic 13.8 17.8 14 168 ± 7 20 13.8 ± 0.2 1.05 120 0.02 12% 1.69 ± 0.09
BN14 1.19 10.76 247 Sandstone Lower Paleozoic 24.0 24.2 13.8 217 ± 33 8 13.2 ± 0.4 1.21 33 0.00 39% 1.81 ± 0.08
BN15 1.28 10.61 268 Sandstone Lower Paleozoic 35.0 32.2 13.55 227 ± 15 8 13.7 ± 0.2 1.33 55 0.12 9% 1.78 ± 0.10
BN16 1.32 10.56 557 Sandstone Lower Paleozoic 4.1 2.6 16.8 401 ± 45 3 13.8 ± 0.5 1.53 8 0.93 0% 1.88 ± 0.06
BN17 2.63 8.36 262 Gneiss Proterozoic 4.8 9.2 13.4 109 ± 6 20 14.3 ± 0.2 0.95 98 0.16 11% 1.69 ± 0.11
BN18 1.82 7.06 203 Sandstone Maastrichtian 3.3 9.1 16.3 112 ± 25 6 12.4 ± 0.7 1.32 8 0.05 35% 1.76 ± 0.16
a: ρi,ρs,ρd are track density of induced, spontaneous, dosimeter tracks. 
b: AFT ages are central ages calculated with 1σ standard error, calculated using a ζ = 313.3±9.6 for a standard IRMM540 glass. 
c: #Xtls and #L are the number of crystals counted and the number of horizontal confined track lengths measured, respectively. 
d: Mean track lengths with 1σ standard error are corrected for their orientation to the c-axis after Ketcham (2005). 
e: P(χ
2
) is p-value of the chi-sq age homogeneity test (Galbraith, 2005).
f: Dispersion is the standard deviation of the single-grain ages as a percentage of their central age. 
Table 1: Apatite fission track data
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He
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235
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a
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R*
e
AHe Age
g
Cor. AHe Age
g
(ncc/g) (ppm) (ppm) (ppm) (ppm) (ppm)  (μm)  (μm)  (μm) (Ma) (Ma)
1 3.8E+05 22.3 0.16 28.4 29.1 2 241 95 59.5 0.75 106.4 ± 12.2 141.8 ± 16.3
2 8.9E+04 5.5 0.04 17.8 9.7 2 201 85 52.6 0.71 74.8 ± 10.3 105.8 ± 14.6
1 4.2E+04 3.1 0.02 8.5 n.d. 5.1 2 287 133 81.0 0.81 67.2 ± 8.3 82.9 ± 10.2
2 1.3E+05 5.5 0.04 19.1 31.7 10.0 0 156 143 73.5 0.79 107.2 ± 12.8 135.8 ± 16.1
3 2.3E+05 14.6 0.11 20.7 n.d. 19.5 2 269 128 77.5 0.81 94.9 ± 10.7 117.6 ± 13.2
4 1.3E+05 8.3 0.06 19.4 26.6 12.9 1 187 144 78.0 0.80 79.6 ± 9.2 98.9 ± 11.4
5 2.1E+05 11.5 0.08 30.5 31.3 18.7 1 190 144 78.3 0.80 90.3 ± 10.2 112.2 ± 12.7
6 9.4E+04 5.9 0.04 29.6 29.3 12.9 0 117 124 60.8 0.74 60.0 ± 7.3 80.8 ± 9.9
7 9.7E+04 5.2 0.04 13.3 17.2 8.3 1 162 156 79.0 0.81 95.5 ± 11.4 118.4 ± 14.2
8 2.3E+05 10.6 0.08 50.9 59.7 22.6 1 216 131 75.4 0.79 83.4 ± 9.5 105.3 ± 11.9
9 4.2E+04 3.6 0.03 7.4 23.5 5.3 1 174 122 67.7 0.78 65.3 ± 9.5 84.1 ± 12.3
10 3.9E+05 12.6 0.09 46.8 21.6 23.7 1 146 123 64.9 0.76 135.7 ± 15.6 178.3 ± 20.5
11 6.9E+04 8.7 0.06 28.9 n.d. 15.5 2 179 73 45.5 0.66 36.4 ± 5.0 55.2 ± 7.5
12 2.2E+05 10.1 0.07 21.7 34.2 15.2 1 160 156 78.7 0.81 119.3 ± 13.7 147.8 ± 16.9
13 3.0E+05 10.4 0.07 46.5 234.3 21.4 1 132 171 77.8 0.80 114.6 ± 13.0 143.4 ± 16.2
14 8.4E+04 2.8 0.02 12.9 6.7 5.8 1 434 280 158.8 0.90 117.8 ± 13.3 130.7 ± 14.7
15 1.1E+05 5.3 0.04 13.4 22.5 8.5 0 227 220 111.1 0.86 106.1 ± 11.9 123.0 ± 13.8
16 4.4E+04 2.3 0.02 4.2 13.5 3.3 1 179 185 91.5 0.84 108.0 ± 14.3 129.3 ± 17.1
17 3.2E+05 9.1 0.07 34.5 44.6 17.2 1 260 149 86.9 0.82 152.7 ± 17.2 185.9 ± 21.0
18 3.7E+05 20.2 0.15 41.0 44.6 30.0 1 186 117 66.8 0.77 101.3 ± 11.5 131.0 ± 14.8
19 2.3E+05 12.1 0.09 27.4 35.8 18.7 1 158 109 60.8 0.75 101.7 ± 12.1 135.7 ± 16.2
20 1.9E+05 13.9 0.10 14.5 n.d. 17.4 2 241 124 74.0 0.80 91.2 ± 10.5 113.9 ± 13.1
21 1.1E+05 4.9 0.04 20.2 5.6 9.7 1 241 223 114.3 0.86 96.2 ± 10.8 111.4 ± 12.5
22 7.8E+04 4.3 0.03 11.1 4.9 6.9 1 191 156 83.1 0.82 91.9 ± 11.0 112.6 ± 13.5
1 7.7E+04 5.5 0.04 9.5 7.8 2 180 100 58.7 0.74 80.8 ± 12.1 108.7 ± 16.2
2 1.7E+05 10.8 0.08 11.9 13.7 2 206 123 71.0 0.79 103.1 ± 12.4 130.2 ± 15.6
3 9.2E+04 6.0 0.04 4.7 7.1 2 450 186 115.6 0.87 105.6 ± 11.9 121.4 ± 13.7
1 3.8E+05 23.0 0.17 14.0 26.4 2 374.0 91.0 60.8 0.76 117 ± 13.4 153.8 ± 17.6
2 2.4E+05 8.0 0.06 4.7 9.2 2 314.0 199.0 113.3 0.87 213.4 ± 24.1 244.7 ± 27.6
3 4.9E+04 2.8 0.02 0.6 3.0 2 297.0 242.0 129.0 0.89 135.9 ± 18.2 152.8 ± 20.4
T
b
n.d.
n.d.
n.d.
Ft
f
BN2
Table 2: Apatite (U-Th-Sm)/He data
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Table 2: Apatite (U-Th-Sm)/He data
Sample Grain #
4 3.7E+04 2.5 0.02 0.8 2.7 2 500.0 268.0 158.5 0.91 112.2 ± 13.0 123.3 ± 14.2
5 5.1E+04 3.2 0.02 1.9 3.7 2 403.0 275.0 153.8 0.91 114.3 ± 12.9 126.2 ± 14.3
6 1.2E+05 5.7 0.04 3.6 6.6 2 318.0 252.0 135.4 0.89 143.3 ± 16.1 160.6 ± 18.0
1 7.7E+04 3.5 0.03 5.4 2.1 4.8 1 127.0 111.0 57.9 0.74 130.6 ± 23.5 176.1 ± 31.7
2 8.3E+04 3.4 0.02 2.4 2.3 3.9 1 105.0 144.0 64.1 0.77 170.1 ± 33.0 220.2 ± 42.7
3 2.5E+05 7.7 0.06 6.2 9.2 2 183.0 119.0 67.4 0.78 220.4 ± 29.2 281.6 ± 37.3
4 2.9E+05 8.8 0.06 8.5 10.8 2 125.0 68.0 40.1 0.63 220.4 ± 46.4 348.4 ± 73.3
5 9.4E+04 3.6 0.03 5.5 5.0 2 128.0 115.0 59.5 0.75 153.5 ± 26.3 205.1 ± 35.1
6 2.4E+05 5.2 0.04 31.5 12.6 1 194.0 194.0 97.0 0.84 153.2 ± 17.4 183.0 ± 20.8
7 1.3E+05 5.7 0.04 7.3 7.4 1 116.0 73.0 41.6 0.64 141.6 ± 33.8 220.2 ± 52.6
8 1.1E+05 3.7 0.03 4.9 4.9 2 169.0 131.0 70.8 0.79 175.8 ± 25.5 222.5 ± 32.3
9 2.5E+05 10.7 0.08 14.0 14.1 2 173.0 67.0 42.1 0.65 145.5 ± 22.9 224.9 ± 35.5
10 1.4E+05 6.1 0.04 12.4 9.0 2 125.0 83.0 46.7 0.68 127.2 ± 21.5 188.0 ± 31.9
11 4.7E+04 2.0 0.01 2.9 2.7 2 127.0 86.0 48.2 0.69 140.9 ± 47.7 204.1 ± 69.2
12 1.3E+05 4.5 0.03 2.7 5.1 1 129.0 93.0 51.3 0.72 200.2 ± 49.2 279.4 ± 68.7
13 2.5E+05 7.7 0.06 7.3 9.5 2 133.0 108.0 57.6 0.74 211.3 ± 31.4 283.8 ± 42.4
1 2.6E+05 8.7 0.06 1.5 9.1 2 250.0 132.0 78.3 0.82 227.5 ± 44.7 278.2 ± 54.6
2 6.0E+05 11.7 0.08 2.3 12.3 2 270.0 103.0 64.9 0.78 390.1 ± 74.4 500.2 ± 95.4
1 6.2E+05 17.6 0.13 0.5 17.8 2 339.0 216.0 122.9 0.88 280.5 ± 48.4 317.0 ± 54.7
2 6.8E+05 18.8 0.14 0.9 19.1 2 333.0 193.0 112.2 0.87 286.9 ± 39.9 328.4 ± 45.7
3 3.5E+05 12.9 0.09 0.5 13.1 2 365.0 185.0 110.7 0.87 214.2 ± 43.1 245.6 ± 49.4
1 3.6E+04 1.2 0.01 8.3 3.2 2 290.0 216.0 118.0 0.87 92.8 ± 10.7 107.2 ± 12.4
2 5.5E+04 2.6 0.02 7.8 4.4 2 380.0 241.0 137.2 0.89 101.8 ± 11.5 114.6 ± 12.9
3 1.1E+05 1.8 0.01 2.4 2.3 2 453.0 256.0 149.7 0.90 386.4 ± 44.0 429.1 ± 48.9
4 7.6E+04 1.8 0.01 6.5 3.3 2 185.0 118.0 67.1 0.77 187.3 ± 30.6 243.5 ± 39.7
5 2.8E+04 1.9 0.01 3.2 2.6 2 300.0 179.0 103.4 0.85 85.9 ± 10.9 100.5 ± 12.7
6 1.9E+05 13.8 0.10 23.1 19.4 2 277.0 115.0 71.4 0.79 82.4 ± 9.4 104.4 ± 11.9
1 8.1E+05 27.6 0.20 4.1 28.8 1 142.0 146.0 72.3 0.80 229.1 ± 29.3 285.3 ± 36.4
2 6.3E+05 22.9 0.16 5.0 24.2 1 88.0 139.0 58.2 0.75 211.7 ± 32.7 280.5 ± 43.3
3 4.1E+05 14.9 0.11 2.2 15.5 2 313.0 184.0 106.7 0.87 215.4 ± 25.1 248.6 ± 29.0
n.d.
n.d.
n.d.
n.d.
n.d.
n.d.
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Table 2: Apatite (U-Th-Sm)/He data
Sample Grain #
4 9.0E+05 31.9 0.23 4.6 33.2 2 276.0 157.0 91.7 0.84 220.8 ± 25.3 261.3 ± 30.0
5 3.5E+05 16.5 0.12 2.3 17.2 2 233.0 125.0 73.9 0.81 167.5 ± 25.9 207.4 ± 32.1
6 3.8E+04 2.4 0.02 0.8 2.6 2 238.0 129.0 76.1 0.81 119.1 ± 46.9 146.8 ± 57.8
1 1.0E+06 38.6 0.28 3.0 39.6 1 304.0 280.0 143.8 0.90 209.7 ± 23.8 232.7 ± 26.5
2 5.2E+05 23.7 0.17 3.4 24.7 1 153.0 150.0 75.5 0.81 173.0 ± 22.2 213.3 ± 27.4
1 1.1E+05 9.1 0.07 1.6 9.5 2 242 129.0 76.4 0.81 91.6 ± 15.5 112.6 ± 19.0
2 9.2E+03 3.2 0.02 1.0 3.4 2 229 186.0 99.2 0.86 22.1 ± 3.3 25.8 ± 3.9
3 2.5E+04 5.4 0.04 1.2 5.7 2 239 142.0 82.1 0.83 36.2 ± 6.6 43.9 ± 8.0
4 2.5E+04 5.7 0.04 4.0 6.7 2 143 90.0 51.3 0.72 30.7 ± 8.8. 42.9 ± 12.3
5 1.3E+04 3.7 0.03 3.7 4.6 2 164 98.0 56.6 0.74 22.8 ± 5.6 30.8 ± 7.6
6 1.2E+05 9.9 0.07 2.2 10.5 2 218 112.0 66.8 0.79 92.4 ± 16.1 117.5 ± 20.5
1 1.9E+05 15.5 0.11 12.7 18.6 2 143.0 54.0 34.1 0.57 83.7 ± 21.7 146.8 ± 38.1
2 3.4E+05 6.0 0.04 11.1 8.6 2 177.0 160.0 82.6 0.82 313.9 ± 37.2 383.9 ± 45.4
3 1.1E+06 30.1 0.22 19.8 35.0 2 168.0 52.0 33.8 0.57 263.9 ± 43.5 464.1 ± 76.5
4 3.4E+04 2.4 0.02 5.8 3.8 2 132.0 95.0 52.4 0.71 73.0 ± 21.0 102.9 ± 29.6
a: [eU] = [U]+(0.235*[Th])
b: T = Number of crystal terminations. 
c: L = crystal length
d: W = crystal width
e: R* = spherical equivalent radius. 
f: Ft is the correction factor to account for alpha-ejection from the outer rim of the apatite crystal (Farley et al., 1996). 
n.d.
g: Estimated uncertainty includes error propagated from U, Th, Sm and He measurement, plus an additional 10% which is the standard 
deviation (reproducibility) of repeat analysis of Durango apatite standards.
n.d.
n.d.
n.d.
BN18
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